The biophysical basis of hypoffitration in nephrotic humans with membranous nephropathy. Physiologic and morphologic techniques were used to elucidate the determinants of the glomerular filtration rate in 62 nephrotic patients with membranous nephropathy and 104 healthy controls, Renal plasma flow, glomerular filtration rate, afferent oncotic pressure and dextran sieving coefficients were determined. Mathematical models of glomerular filtration were then used to compute likely upper bounds for the ultrafiltration coefficient and pore areallength ratio (a measure of pore density). These upper bounds for each measure of intrinsic ultrafiltration capacity were both depressed by 75% in membranous nephropathy. A corresponding excess of ultrafiltration pressure (versus control), attributable solely to reduced intracapillary oncotic pressure was by 12 mm Hg. Glomerular morphometry revealed peripheral capillary filtration surface area to be enhanced in membranous nephropathy (3.27 x l0 vs. 2.03 X 10' sm'). However, there was a massive reduction in filtration slit frequency due to epithelial podocyte broadening (336 vs. 1204 slits/mm capillary length) as well as marked thickening of the glomerular basement membrane (1130 vs. 388 nm). We conclude that the latter two findings lower the ultrafiltration coefficient in membranous nephropathy by depressing the hydraulic permeability of the glomerular capillary wall. We propose that this abnormality is solely responsible for the hypofiltration observed in a majority of patients with this disease.
The biophysical basis of hypoffitration in nephrotic humans with membranous nephropathy. Physiologic and morphologic techniques were used to elucidate the determinants of the glomerular filtration rate in 62 nephrotic patients with membranous nephropathy and 104 healthy controls, Renal plasma flow, glomerular filtration rate, afferent oncotic pressure and dextran sieving coefficients were determined. Mathematical models of glomerular filtration were then used to compute likely upper bounds for the ultrafiltration coefficient and pore areallength ratio (a measure of pore density). These upper bounds for each measure of intrinsic ultrafiltration capacity were both depressed by 75% in membranous nephropathy. A corresponding excess of ultrafiltration pressure (versus control), attributable solely to reduced intracapillary oncotic pressure was by 12 mm Hg. Glomerular morphometry revealed peripheral capillary filtration surface area to be enhanced in membranous nephropathy (3.27 x l0 vs. 2.03 X 10' sm'). However, there was a massive reduction in filtration slit frequency due to epithelial podocyte broadening (336 vs. 1204 slits/mm capillary length) as well as marked thickening of the glomerular basement membrane (1130 vs. 388 nm). We conclude that the latter two findings lower the ultrafiltration coefficient in membranous nephropathy by depressing the hydraulic permeability of the glomerular capillary wall. We propose that this abnormality is solely responsible for the hypofiltration observed in a majority of patients with this disease.
The glomerular filtration rate (GFR) is the most widely used laboratory measure of the extent and course of renal injury. It represents the net flux rate of water across the walls of all patent glomerular capillaries and is equal to the product of the net pressure for ultrafiltration and the ultrafiltration coefficient, (Kr) .
Studies of patients with nephrotic glomerular injuries suggest
that ultrafiltration pressure is likely to be elevated in this circumstance [1] [2] [3] [4] [5] . The invariable presence of hypertension in such diseases is likely associated with a high transcapillary hydraulic pressure difference (P). The ubiquitous hypoproteinemia that attends the nephrotic syndrome lowers the opposing oncotic pressure. Together, these lead to an increase in the ultrafiltration pressure. By exclusion, it seems likely that hypoifitration in this setting is caused uniquely by a depression in K.
Depression of Kf accompanied by an offsetting increase in the net pressure for ultrafiltration has been demonstrated repeatedly by micropuncture of rats with experimental analogues of the primary glomerular diseases most often seen in humans [6] [7] [8] [9] [10] [11] [12] . That this is also likely true of the human counterparts is © 1994 by the International Society of Nephrology suggested by the consistent demonstration of restricted transglomerular sieving of uncharged dextran or polyvinyl pyrollidone macromolecules in these disorders [1] [2] [3] [4] [5] 13] . Whereas this finding is consistent with a reduced Kf, depression of either the glomerular perfusion rate or pressure is predicted to result in enhancement and not depression of the transglomerular passage of uncharged macromolecules [14] .
The purpose of the present study was to quantitate each determinant of Kf and glomerular ultrafiltration pressure, so as to elucidate the mechanisms of glomerular hypofiltration in membranous nephropathy, a common cause of the nephrotic syndrome in humans. To do this we have estimated glomerular flows, preglomenilar vascular pressures and dextran sieving coefficients in 62 patients with membranous nephropathy. We then analyzed the findings with theoretical models of glomerular filtration in an effort to distinguish between possible contributions by reduced ultrafiltration pressure and diminished ultraifitration capacity to the prevailing GFR. To define the structural correlates of impaired ultrafiltration capacity we also subjected glomeruli obtained by needle biopsy of the kidney to a morphometric analysis.
Methods

Patient population
The subjects of our study were 62 adult patients who presented consecutively to our clinic with a nephrotic syndrome and a histopathological diagnosis of membranous nephropathy (MN) . The patients varied widely in age (17 to 76 years) and 40 of 62 were male. We selected MN for study for two primary reasons. Firstly, the prevalence of glomerulosclerosis is low so that the effects of obliteration of glomeruli by this process can be circumvented [4] . Secondly, the thickening of the glomerular capillary wall due to subepithelial immune deposits and associated basement membrane thickening is rather uniform among glomeruli in a given patient. This rather homogeneous appearance suggests that all glomeruli could contribute uniformly to any abnormality of glomerular filtration.
The control population was comprised of 104 healthy volunteers who spanned an age range from 18 to 73 and who were also predominantly male. They provide a normal range for the glomerular functional quantities of interest. All denied a history of renal disease, hypertension or diabetes. At the time of evaluation each was found to be normotensive and normoglycemic, and to have a negative dipstick test for urinary protein.
Physiologic evaluation
All patients and volunteers underwent a determination of GFR, renal plasma flow (RPF) and preglomerular vascular pressures according to a protocol which had been approved previously by the Institutional Review Board at the Stanford University School of Medicine. A subset of each group, (controls N = 19, membranous N = 28), also underwent an examination of dextran sieving. Urine was voided spontaneously after diuresis had been established with an oral water load (10 to 15 ml/kg). A priming dose of inulin (50 mg/kg) and para-aminohippuric acid (PAH, 12 mg/kg) was then administered. In the subsets receiving dextran, this was followed by a priming infusion of dextran 40 (130 mg/kg/lO mm). Thereafter, inulin and PAH were given by continuous infusion to maintain plasma levels constant at 20 and 1.5 mg/dl, respectively. Dextran 40 was infused constantly at half the rate calculated for inulin.
Sixty minutes after the priming infusion, arterial blood pressure was determined, and blood was sampled for examination of plasma oncotic pressure (HA) and plasma protein concentration. Four timed urine collections were then made, each of which was bracketed by a blood sample drawn from a peripheral vein. The GFR was expressed as the average value for the four timed inulin clearances. The rate of RPF was estimated by dividing the corresponding clearance of PAH by an estimate of the prevailing renal arteriovenous extraction ratio for PAH (E). We have shown previously that reductions of GFR and peritubular capillary protein concentration exert an additive effect to lower EPAR in patients with glomerular disease [15] . From the relationship observed in that study between EPAH and GFR, we have assigned the following values for EPAH: 0.9 for healthy controls, 0.8 for patients with membranous nephropathy and a normal age-adjusted GFR and 0.7 for patients with membranous nephropathy and a depressed age-adjusted GFR. Fractional dextran clearances (OD) were calculated using the equation: = (U/P)/(U/P)1 where (U/P)D and (UfP)1 refer to the urine-to-midpoint plasma concentration ratio of dextran and inulin, respectively.
The concentrations of inulin and PAR were determined with an automated assay [1] . Concentrations of dextran were assayed with anthrone after separation of the component molecules of dextran 40 in urine and deproteinized plasma into 2 A fractions by gel permeation chromatography using precalibrated Ultragel AcA44 columns (LKB, Pleasant Hill, California, USA). Concentrations of albumin and IgG in serum and urine were determined by immunochemical methods as described previously [16] . Plasma oncotic pressure was measured directly using a Wescor 4400 membrane osmometer (Wescor Inc., Logan, Utah, USA) and serum creatinine levels by a rate-dependent modification of the Jaffe reaction, employing a Beckman Creatinine Analyzer (Model 2, Fullerton, California, USA).
Theoretical analysis of filtration data A mathematical model for the glomerular filtration of water [17] was used to calculate K1, which is defined in this study as the product of glomerular hydraulic permeability, and the total filtration surface area of all glomerular capillaries in the two human kidneys. The input values for the model included the measured values of GFR, RPF and 11A and an assumed value for the glomerular transcapillary hydraulic pressure difference (1P). The latter quantity cannot be directly measured in humans. However, using an indirect curve-fitting technique we have estimated that P approximates 35 mm Hg in the healthy human kidney, and have assigned this value to both the control and MN groups in the present study [18] . Micropuncture determinations in Heymann nephritis, a rodent analogue of MN, indicate that P is invariably elevated in this form of glomerular injury [6] [7] [8] . Given that human MN is accompanied by arterial hypertension (vide infra), it is probable that a fraction of the increment in arterial pressure is transmitted into glomerular capillaries, and that P is likely, if anything, to be elevated. Thus, an assumption that P in MN is the same as in healthy controls is a conservative one, and should provide an upper bound for the prevailing level of K1 in this disorder [17] . We have accordingly designated the latter computation in MN as "maximum" K1 (Kfmax).
We also used sieving profiles of uncharged and non-reabsorbable dextrans of broad size distribution to compute additional membrane parameters for the 28 individuals with MN and the 19 normal controls who received an infusion of dextran. For this purpose we used a mathematical model which represents the glomerular capillary wall as a heteroporous membrane, one containing two populations of pores of widely varying size in parallel [19] . According to this model the membrane is dominated by a population of small and restrictive cylindrical pores of identical radius (r0). The second and parallel population of pores are large and non-discriminatory, serving as a "shunt pathway" through the membrane. The shunt pathway is characterized by a parameter con, which governs the fraction of the total filtrate volume passing through the non-restrictive portion of the membrane. The membrane barrier to filtration of water and uncharged macromolecules in this "isoporous plus shunt" membrane model is characterized fully by the values of r0, 0,,, (1) and Kf. An additional membrane parameter that can be derived from K1 and r,, is the ratio of effective pore area-to-pore length (S'Il), which is closely related to the apparent number of restrictive pores in the two kidneys (N). More precisely, N S'/11r02 (2) Thus, if 1 and r0 are nearly constant, changes in S'/l are very nearly proportional to changes in the total number of restrictive pores [14] .
The approach used for modeling the intrinsic membrane parameters separates their effects on dextran sieving coeffi- were used to provide control values for the morphometric quantities of interest. Each of these transplant donors had been shown during routine pre-operative evaluation to have normal renal function and anatomy.
All glomeruli up to a maximum of 30 in a single 1 pm section stained with periodic-acid Schiff reagent were analyzed at the light microscopic level. On average, 18 glomeruli per biopsy were examined in each patient with MN (range 4 to 30). The average number of glomeruli among the sixteen control biopsies was 19 (range 13 to 30). The numbers of open and occluded glomerular tufts were recorded, where occluded glomeruli were defined as those exhibiting global sclerosis. A dedicated computer system (Southern Micro Instruments, Inc., Atlanta, Georgia, USA), consisting of a video camera, screen, microscope and digitizing tablet, was used to perform measurements [3] . The outline of each glomerular tuft in the cross section was traced onto the digitizing tablet at 900 X and the tuft cross sectional area (A0) computed using area perimeter analysis. Glomerular volume (V0) was calculated from A0 as described previously [3] . An equation which takes the reduced diameter observed in globally sclerotic glomeruli into account was used to calculate their actual prevalence (G1).
For transmission electron microscopy tissue was fixed in 2.5% glutaraldehyde and embedded in epon. Toluidine bluestained sections were then surveyed to locate the two open glomeruli closest to the center of each section. Ultra thin sections (60 to 70 nm) of the selected glomeruli were next stained with lead citrate and photographed. A complete montage of each glomerulus was used to calculate the peripheral capillary filtering surface density (Sw) by point and intercept counting at low magnification (2820 x). The filtration surface area, S (in /Lm2/glom), was defined as the interface between the peripheral capillary wall and epithelium, and was calculated as the product of S,,, and the corresponding value of V0 [4] . Six to eight high-power electron photomicrographs were then obtained from each of the two glomerular proffles and printed at a magnification of 11,280 x to evaluate the frequency of epithelial filtration slits and the thickness (harmonic mean) of the peripheral glomerular basement membrane (GBM). Filtration slit frequency was determined by dividing the total number of epithelial filtration slits by the total length of the GBM that was captured on the electron photomicrographs [3, 4] . Each high magnification electron photomicrograph was overlaid by a grid of intersecting lines. The GBM thickness was then measured by the orthogonal, intercept method [20] .
Statistical analysis
Differences between the MN and control subjects were 
Results
Clinical features and proteinuria
The median serum creatinine level was significantly elevated in MN, 1.2 versus 0.9 mgldl in controls. The excretion rates of albumin and IgG and the corresponding circulating levels of each protein in patients with MN are typical of the nephrotic syndrome, and are summarized in Table 1 . Although values for RPF were more widely distributed in MN than in controls, there was no significant difference between the groups. In fact, the median RPF in MN was numerically higher than the corresponding control value, 628 vs. 548 mI/mini! .73 m2, respectively ( Fig. 2A) . Even in the minority of cases in whom RPF was depressed below the 25th percentile of the normal range, the depression was less than in proportion to the GFR, with the result that the filtration fraction was significantly depressed, (0.12 vs. 0.19, respectively; Fig. 2B ). These findings suggest that glomerular hypofiltration cannot be attributed to a decline in RPF in most cases of MN, and that additional factors must contribute to hypofiltration in the minority of subjects in whom RPF is depressed.
Reflecting the marked hypoproteinemia (Table 1) , the median 11A in MN was markedly depressed below the corresponding control values, 15 versus 24 mmHg (Fig. 3A) . Conversely, median arterial pressure (MAP) was significantly elevated above the control value, 105 versus 90 mm Hg (Fig. 4) . Given that some fraction of the 15 mm Hg increment in MAP is likely to have been transmitted into glomerular capillaries, a parallel elevation in P is likely to have eventuated, increasing the net (Fig. 5 ). There was virtually no overlap between the two groups, suggesting that K1 is invariably depressed in nephrotic subjects with MN.
The configuration of the sieving profile for dextran macromolecules in the 26 to 60 A radius interval was altered from control in patients with MN ( Fig. 6) . Sieving coefficients at the low radius end of the MN profile were markedly depressed, while sieving coefficients for the largest dextran molecules examined were elevated.
Analysis of sieving data with the heteroporous membrane model ( Table 2 ) revealed both pore density (S'/l) and restrictive pore radius to be markedly reduced in MN. In contrast, judged by substantial enhancement of shunt-like pores were 16-fold more prominent in MN than in controls ( Table 2) . Linear regression analysis revealed o to be correlated with the fractional clearances of both albumin (r = 0.90, P <0.0001) and
IgG (r 0.89, P < 0.0001), suggesting that impairment of barrier size-selectivity contributed to the nephrotic-range proteinuna. Further, w0 and S'/l were inversely related (r -0.64, p < 0.001). Thus, the membrane dysfunction seen in membranous nephropathy appears to reflect a reduction of pore density, along with a sh in a small fraction of such pores from the restrictive to the shunt-like portion of the membrane. A sensitivity analysis of the effects of variations of i.P on L(f and pore density, the two most sensitive measures of intrinsic ultrafiltration capacity are illustrated in Figures 7 and 8 . Even in the unlikely event that P was lowered by S mm Hg (to only 30 mm Hg) in our hypertensive subjects with MN, the Kf and pore density would still be significantly lower than in healthy controls (P < 0.00 1). Thus while potential contributions to the low filtration fraction and the low GFR in MN by depression of P cannot be excluded, impairment of the intrinsic ultrafiltration capacity of glomerular capillary walls appears to be predominant, and an invariable feature of the glomerular injury in this disorder.
Glomerular morphometry The percent of glomeruli exhibiting global glomerulosclerosis was only slightly higher in MN than in controls (median =5 vs. 0). The median volume of the remaining 95% of glomeruli that remained patent was greater than twofold larger in MN than in controls, 3.1 x 106 versus 1.4 x 106 p.m3 ( Figure 9A) . Thus, despite a trend to lower filtration surface density (S = 0.11 in MN vs. 0.15 in controls), the actual surface area of the interface between peripheral capillary walls and capillary lumen (S) was significantly higher in MN than in the control group, 347 versus 183 p.m2 x io (Fig. 9B) . Given that the overwhelming majority of glomeruli in patients with MN were patent, it appears that diminished hydraulic permeability, rather than a loss of filtration surface area, must be implicated in the depression of computed Kf in this disorder.
The properties of two structures along the filtration pathway that can influence hydraulic permeability are the thickness of the glomerular basement membrane (GBM) and the density of the interpodocytic diaphragms at the base of the epithelial filtration slits [21] . The median GBM thickness in MN was 889 nm, a value which is more than twofold larger than control value of 380 nm, P < 0.0001 (Fig. lOB) . Just as striking was a marked reduction in filtration slit frequency consequent upon broadening of the epithelial podocytes ( Fig. bA) . Of note, ifitration slit frequency was reduced in MN to only 308 slits/mm GBM compared with 1152 slits/mm GBM in controls, P < 0.0001. Clearly, the number of diaphragms at the base of these slits must have declined in parallel, limiting water flux into Bowman's space.
Discussion
In the current study, patients with biopsy-proven membranous nephropathy were analyzed consecutively. Among patients bearing this diagnosis, the majority were found to have a depressed GFR. A morphometric analysis confirmed that the overwhelming majority of glomeruli were patent and that the glomerular capillary surface area available for filtration was actually enhanced ( Fig. 9 ). By exclusion, we infer that either reduced hydraulic permeability of glomerular capillary walls or diminished ultrafiltration pressure (or some combination of the two) must provide the basis for the observed hypofiltration [17] .
The net pressure for ultrafiltration represents the imbalance between the glomerular transcapillary hydraulic pressure difference (P) and the opposing oncotic pressure exerted by retained proteins as plasma transits axially along the glomerular capillaries (HGC). Whereas we were unable to determine the value for zP, our findings indicate that 11GC must have been profoundly lowered in MN. Not only was the oncotic pressure of plasma entering the glomerular tuft (HA) severely depressed, but the extent to which intraluminal protein concentration, and hence oncotic pressure, could rise during axial plasma flow was severely limited by the low filtration fraction observed in this disorder (Fig. 2B) .
We have shown [221 that Hc in nephrotic humans rises in a linear fashion as water is removed by ultrafiltration; it follows that:
where HE is the efferent oncotic pressure (Fig. 3 ). From calculated 11E and observed A, we estimate that 11GC (the arithmetic mean of HA and IIE) was depressed in MN to a median value of only 15.9 mm Hg, considerably below the corresponding value of 27.7 mm Hg in healthy controls (Fig.   11 ). Thus, at the low filtration fraction observed in humans with MN, depression of 11GC alone can be inferred to elevate the pressure for ultrafiltration by approximately 12 mm Hg. Analyses of segmental vascular resistance in experimental models of the nephrotic syndrome in the rat using the micropuncture technique have revealed resistance in afferent arterioles to be lowered in proportion to, or proportionately more than that in efferent arterioles [6] [7] [8] . A comparable change in segmental resistance in human MN would facilitate the transmission into glomerular capillaries of arterial pressure, which we have found to be elevated on average by 15 mm Hg in the patients of the present study (Fig. 4) . The glomerular capillary hypertension in turn, would serve to elevate and not depress zP. Although we cannot exclude a species difference in segmental vascular resistance in humans with MN, it is difilcult We are accordingly led to the conclusion that net ultrafiltration pressure is likely to have been markedly elevated in MN and that profound depression of Kf was the proximate cause of the hypofiltration observed in these subjects.
We have already defined K1 as the product of hydraulic permeability and the surface area available for ifitration. As stated previously, the latter quantity was significantly larger in MN than in controls, a consequence of the glomerular hypertrophy observed in this disorder [4] (Fig. 9 ). By exclusion, a reduction in hydraulic permeability due to alterations along the extracellular pathway for transcapillary water flux appears to be implicated as the predominant if not exclusive cause of the computed depression of Kf.
The GBM and interpodocytic diaphragms have recently been estimated to each account for approximately 50% of the hydraulic permeability of normal glomerular capillary walls [21].
The striking increase in thickness of the GBM as well as decreased frequency of filtration slits (and by extension the interpodocytic diaphragms) are likely to have acted in concert to lower hydraulic permeability of the glomerular capillary wall in patients with MN, explaining our computation that Kf is depressed by approximately 75% in these patients.
We conclude that hydraulic permeability of glomerular capillary walls is likely depressed in all nephrotic patients with MN because basement membrane thickening and foot process broadening are prominent in virtually all these patients. An offsetting increase in the surface area available for filtration, and an increase in the net pressure for ultrafiltration are usually insufficient to compensate for the massive depression of hydraulic permeability of glomerular capillary walls. As a result, the vast majority of nephrotic patients with MN exhibit glomerular hypofiltration. 
